In wind farm (WF) systems, the set-points of wind turbine generators (WTGs) is determined by the wind farm operator. A change in the value of set-point in two consecutive intervals leads to power fluctuations in the WF system, i.e. power deviation. A large amount of power deviation may adversely affect the operation of the WF system. Therefore, this paper proposes a strategy for operation of a WF system to minimize the power deviation of WTGs during operation time. By using the proposed strategy, the change in set-points of WTGs is minimized and the output power of WTGs is therefore smoother and avoids unnecessary fluctuations. Several grid-code constraints are also considered for operation of the WF system. This ensures the WF system to operate in compliance with the requirements from transmission system operator. Besides, an additional strategy is also proposed to monitor all events in the WF system. Whenever an event occurs in the system, the set-points of WTGs are rescheduled considering the event. Therefore, the proposed operation strategy is also capable of handling events in the WF system. Finally, the simulation results with and without the proposed method are compared to show the effectiveness of the proposed method.
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I. INTRODUCTION
The growing environmental concern and exhausting fossil fuels have led to an increase in the penetration of renewable energy sources in the power system. Especially, the Global Wind Energy Council have calculated that by 2030, 19 percent of all globally generated energy could be generated by wind turbine generators (WTGs) and by 2050 that percentage would be 25-30 [1] . As more wind energy is exploited, this also significantly increases the number of WTGs in the power system. The individual operation of each WTG could make difficulty in managing the power system. Therefore, many WTGs are interconnected to form a wind farm (WF) system [2] . Thereby, all WTGs are operated in accordance with a centralized controller to meet the common requirements of the WF system. Normally, small WF systems are operated with maximum power point tracking (MPPT), in order to provide maximum power to the power system. However, with the rapid increase in the size of WF systems, the maximum output power of the WF system is very large. Therefore, operating a large WF system with MPPT could affect the stability of the power system, especially small or islanded systems. In order to ensure the stability of the power systems, the transmission system operators (TSOs) impose various requirements for the operation of the WF system, i.e. grid-code constraints. These grid-code constraints have been introduced and applied by different researches [3] - [5] .
Grid-code constraints not only improve the system stability but also provide the WF systems with the same characteristics as conventional power plants. The common grid-code constraints that are analyzed and studied in detail include fault ride through capability [6] , [7] , active/reactive power regulations [8] , [9] , frequency control [10] , and power factor and voltage regulation capabilities [11] . In order to satisfy these grid-code constraints from TSO, an energy management system (EMS) is required for the operation of the WF system. The objective of EMS is to provide the optimal set-point for each WTG and fulfill all grid-code constraints. In addition, each WTG has a local controller for adjusting the blade pitch angle. This allows WTGs to be able to control the output power to meet the set-point from EMS [12] . The output power of the WF system is the sum of the output power of all WTGs and must be balanced with the required power from TSO. Various studies have investigated the problem of optimal set-points for WTGs in the WF system [13] - [19] .
The authors in [15] have proposed a stochastic optimal scheduling method based on scenario analysis to minimize the operation cost of the WF system considering the uncertainty of wind speed and the effect of wake flow. This method also keeps the balance between the required power and the output power of the WF system. The authors in [17] have investigated an optimal unit commitment problem to schedule WTGs of the WF system to satisfy the demand power from TSO. The main objective operation is to minimize the sum of production cost, the unserved energy cost, and startup/shut-down cost of each WTG. The authors in [18] have proposed the individual selection of the operation point of each WTG to maximize the overall production of the WF system. Similarly, the authors in [19] have also presented an optimization method to calculate the optimal operation of an offshore WF working with WTGs based on doubly fed induction generator technologies. The objective of the optimization problem is to maximize the output of active power of the WF system. Most of these mentioned studies focused either on maximizing the output power of the WF system [18] - [20] , minimizing the operation cost [15] , [21] , or minimizing the amount of power mismatch between generated power and required power [15] , [17] . It can be observed that these operation objectives mainly focus on optimizing the operation of the WF system. However, from the power system operator side, these operational goals of the WF system can affect the operation of the power system. For instance, the power fluctuation in the output power of a large WF system can also cause the power fluctuation in the power system and might reduce the power quality. Therefore, many studies have also proposed different methods to reduce the power fluctuation in the output power of the WF system using battery energy storage system (BESS) [22] , superconducting magnetic energy storage (SMES) units [23] , small capacity flywheel energy storage system (FESS) [24] . However, the investment cost for such energy storage systems (ESSs) is very expensive. Moreover, most of these studies have not considered the power fluctuations inside the large WF system. These power fluctuations could cause many difficulties in the operation of the WF system. Therefore, this study develops an optimization method to minimize the power fluctuations inside the WF system and reduce the power fluctuations for the output power of the WF system without using any ESS. This can be achieved by determining the optimal set-points of WTGs in the WF system considering the requirements from the TSO, such as the requirement for maximum fluctuation of WF's output power. As earlier mentioned, the output power can be adjusted from the minimum point to the maximum point (i.e. with MPPT). In different intervals, the set-point of a WTG can be changed and the different value of set-point at two consecutive intervals is called the power deviation. The amount of changing power inside the WF system is a sum of the power deviation of all WTGs. Therefore, in a large WF system with huge number of WTGs, the total amount of power deviation of all WTGs is also very large, which could lead to a large power fluctuation in the operation of the WF system. As a result, minimizing the power deviation of WTGs is necessary. In this paper, a strategy for the operation of the WF system is proposed to minimize the power deviation of WTGs during the operation time. The WF system is also operated according to several grid-code constraints. Finally, in the operation of the WF systems, many events, such as out of service of WTGs, change in grid-code constraints might occur at any time interval. Therefore, the effects of these events on the operation of the WF system is also analyzed in detail in this study. The major contributions of this study are listed as follows.
• A strategy for the operation of the WF system is proposed to minimize the power deviation of WTGs during operation time. This helps the output power of WTGs smoother and avoid unnecessary fluctuations. To show the effectiveness of the proposed method, simulation results with and without the proposed method are also compared.
• Several grid-code constraints are also considered for the operation of the WF system. This ensures the balance between the power requirements from TSO and power supply from the WF system.
• The proposed operation strategy is also capable of handling several events in the WF system, such as an outage of WTGs or change in operation mode. A detailed analysis considering these events is also presented.
II. SYSTEM MODEL A. GRID-CODE CONSTRAINTS
As mentioned earlier, in large WF systems, operating all WTGs in MPPT mode can affect the power system stability. in order to ensure the system stability, WF systems need to be operated following specific constraints from TSO, i.e. gridcode constraints. Different grid-code constraints have been introduced and applied by many studies [3] - [5] . The selection of grid-code constraints depends on the requirements of each individual system. In this paper, the main purpose is to determine the optimal set-point for WTGs to satisfy the requirement for the output power of the WF system. Currently, all grid-code constraints require WTGs to be able to adjust its output power for different control modes of the WF system. Some main grid-code constraints are introduced for the operation of the WF system, as shown in Figure 1 . Figure 1 (a) shows the constraint for the limit of the output power of the WF system. When the maximum output power of the WF system is less than the limited power, the setpoints of all WTGs are set to MPPT mode. This means the output power of the WF system is the maximum output power. Conversely, when the maximum output power of the WF system is greater than the limited power, the set-point of the WF system is the limited power. As a result, EMS must adjust the set-points of all WTGs to meet the power requirement (the limited power). Figure 1 (b) shows the constraint for the reserve capacity in the WF system. Whenever the WF system is switched to the power reserve mode, EMS have to adjust the set-points of WTGs to ensure that there is always a certain reserve capacity in the WF system. Finally, the fluctuations in the output power of WF system can also affect power system stability. Therefore, TSO also issues specific requirements for maximum amplitude of power fluctuations for the WF system, i.e. maximum change in the output power of WF system for two consecutive time intervals. This requirement ensures that the power system is capable of withstanding any case of power fluctuations for the output power of WF system in the normal operation. Typically, the requirement for the power fluctuations of a WF system is achieved by controlling the power ramp-rates (i.e. maximum ramp-up/ramp-down) for its output power, as shown in Figure 1 (c).
B. PROBLEM IN OPERATION OF THE WF SYSTEM
In this section, the problem in the operation of the WF system is presented in detail. When the WF system operates in accordance with the grid-code constraints, all WTGs might not able to operate with MPPT because the output power of the WF system is constrained by the required power. Therefore, all WTGs have to adjust their output power within [P min , P max ] to ensure that the output power of the WF system is balanced with the required power. The change of set-point of WTGs can adversely affect the operation of the WF system and WTGs. This problem is clearly shown in Figure 2 . We assume that there are two WTGs in the WF system. At time interval t, the set-point of WTG1 and WTG2 are P 1,t and P 2,t , respectively. At the next time interval t+1, the set-point of WTG1 and WTG2 are P 1,t+1 and P 2,t+1 , respectively. It can be observed that the output power of the WF system is equal to the amount of required power in both time intervals. The power deviation of WTG1 and WTG2 are P 1 and P 2 , respectively, as shown in Figure 2 . If the total amount of power deviation of WTGs is large, it may lead to a large power fluctuation in the operation of the WF system. Therefore, minimizing the amount of power deviation of WTGs is necessary.
In this paper, a strategy for the operation of the WF system is proposed to minimize the amount of power deviation of WTGs. The flowchart and mathematical model of the proposed strategy are presented in detail in the following sections. Figure 3 shows the proposed strategy for the operation of the WF system in normal mode. The main objective of this strategy is to provide the optimal set-point of each WTG to fulfill the requirement of the output power of the WF system and also reduce the power deviation of WTGs. Firstly, EMS receives the information from TSO about the required power at each time interval. At the same time, each WTG calculates the maximum output power and then inform that information to EMS. After obtaining all the information from WTGs and TSO, EMS performs optimization and determine the optimal set-points for WTGs to minimize the amount of power mismatch between the output power of the WF system and the required power. Besides, EMS also ensures that all output power of each WTG is also smoother by reducing the amount of power deviation. Finally, EMS informs the optimal set-point of WTGs to the local controllers of WTGs.
C. THE PROPOSED OPERATION STRATEGY FOR WF SYSTEM
The information of input data for WTGs, i.e. wind speed, wind direction is normally changed in each time interval. This results in a change in the operation bounds of each WTG. Therefore, EMS updates the information from WTGs or TSO and carry out the same process after each time interval.
D. THE OPERATION STRATEGY FOR WF SYSTEM CONSIDERING EVENTS
In the previous section, a strategy for the operation of the WF system was presented in normal mode. However, in the operation of the WF system, there could be various events such as out of service of WTGs, change in grid-code constraints. Therefore, consideration of these events is necessary for the operation of the WF system. Figure 4 shows the process if there is an event in the WF system.
Whenever any event occurs in the system, it will be notified to EMS. EMS then classifies the event. If WTGs are out of service, the event belongs to the event on WTGs.
In this case, EMS updates the number of active WTGs and the maximum output power that can be generated from the WF system. Besides, if TSO changes the grid-code constraints, it means that the WF system also needs to change the operation mode. Therefore, this event belongs to the event on the operation mode. In this case, EMS updates the amount of required power from TSO. After checking all the events and updating the information, EMS reschedules for the operation of the entire system according to the proposed strategy. Finally, EMS informs a new optimal set-point for all active WTGs. EMS always monitors the operation of the WF system and ensures that the system works optimally despite several events occurring.
E. MATHEMATICAL MODEL
In this section, a mixed integer linear programming (MILP)based mathematical model is presented. The objective function (1) aims to minimize the amount of power mismatch between the required power and the output power of the WF system and also to minimize the amount of power deviation of WTGs. 
P loss m−n,t = P m−n,t .L loss m−n ∀m, n ∈ N , t ∈ T (4)
The amount of power mismatch between the output power of the WF system and the required power from TSO is shown in (2) considering the amount of power loss in the WF system and the status of each WTG. The amount of power loss is calculated by (3) and (4). The status of each WTG is determined by (5) .
It can be observed that the objective function (1) is nonlinear due to the absolute value. Therefore, it is necessary to convert (1) to a linearized function. This can be achieved by using an additional variable, as shown in (6) [25] . 
PD n,t ≥ P n,t − P n,t−1 ∀n ∈ N , t ∈ T
PD n,t ≥ − P n,t − P n,t−1 ∀n ∈ N , t ∈ T
The use of this additional variable leads to two more constraints, as shown in (7) and (8) . These two constraints are to linearize the equation containing the absolute value. The main constraints for the operation of the WF system are presented in detail below. s n,t .P min n ≤ P n,t ≤ s n,t . min P rate n , P avail
The operation bounds of each WTGs are shown in (9) . The maximum output power of each WTG at each time interval depends on the parameters of WTG, wind speed, wind direction, and so on. Wind speed and wind direction highly depend on the layout of the WTGs in the WF system. The arrangement of locations of WTGs influence the wake losses, which incur the reduction of energy production. Therefore, different researches have investigated the optimized placement of the WTGs in the WF system considering the wake effect [26] , [27] . This study mainly focuses on optimizing the set-points of the WTGs in the WF system. Therefore, we assume that the locations of the WTGs are optimally determined and the wind speed and wind direction are determined by using the measuring equipment mounted on each WTG. The maximum amount of output power of each WTGs is calculated by (10) [28] . Equation (11) shows the power balance in the WF system. The amount of required power from TSO at each time interval is determined by (12) and (13) . If the total output power of the WF system is less than the limited power, then all WTGs is set with MPPT mode. If the maximum output power is greater than the limited power, the required power of the WF system is the limited power.
In the operation of the WF system, the constraint for the limitation of the power ramp rate for the output power of WTGs is also very important. In this section, constraints for the ramp-up/ramp-down are shown in detail by (14)- (16) . Figure 5(a) describes the set-point of each WTG in two consecutive intervals that is limited by the maximum power for ramp-up and ramp-down. It can be expressed in constraint (14) .
Furthermore, when the maximum output power of WTG can be generated at time interval t+1 is less than the set-point of WTG at t. The set-point of WTG at t+1 have to change below the value of maximum power at t+1, as shown in Figure 5 (b) and constraint (15) . Finally, the constraint for ramp-up and ramp-down of WTGs is expressed in (16) by combining two constraints (14) , (15) and the rated power of WTGs. s n,t .P min n ≤ P n,t+1 ≤ s n,t .P avail n,t+1 ∀n ∈ N , t ∈ T (15) s n,t . max P n,t − P RD n , P min n ≤ P n,t+1 ≤ s n,t . min P n,t + P RU n , P rate n , P avail n,t+1
In the operation of the WF system, EMS always updates the information of the system. Whenever there is an event in the system, EMS will update information about the event, i.e. location, type of the event. Depending on the type of the event, the set-point of all active WTGs is rescheduled considering that event, as shown in Figure 6 and the objective function (17) . the amount of required power is changed as shown in (18) .
Min CT =
if in reserve power mode (18) In addition, the objective function (17) is also constrained by (5), (7)-(11), and (14)- (16) , as in normal operation mode.
III. NUMERICAL RESULTS

A. INPUT DATA
In this paper, a WF system consists of 20 WTGs is used to test the performance of the proposed strategy. The 20 WTGs are divided into 4 clusters and WTGs are serial connected in each cluster. All clusters are connected to a collection point and the power is transmitted through the grid by a high-voltage direct current (HVDC) system, as shown in Figure 7 .
All WTGs are assumed to be the same type. The detail parameters of the WF system are as follows:
• The rated power of WTG is 10MW. The minimum power for operation is 10% of the rated power. The maximum power for ramp-up and ramp-down of two consecutive intervals is 20% of the rated power. • In HVDC system, the power loss of each converter is 3%, the line loss is 1%.
• The line loss of the connection line between two adjacent WTGs is 1%. The detail information for each grid-code constraint is as follows:
• In the limited power mode, the limited power is set to 75MW at the PCC point. Due to the power loss on the HVDC system, the limited power at the collected point is 80.5MW.
• In the reserve power mode, the reserve capacity of the WF system is 5%. The maximum output power of each WTGs for the next 10 time intervals is calculated using (10), as shown in Table 1 . EMS is responsible for determining the optimal set-point of WTGs within [P min , P max ] to satisfy the required power from TSO.
The maximum output power of the WF system and the required power are shown in Figures 8(a) , (b) for the limited power and the reserved power modes, respectively.
EMS performs optimization to determine the set-point of WTGs for every 5-minute window. The time window includes 10 intervals, each interval is set to 30 seconds. The MILP-base mathematical model is coded in Visual Studio C++ and solved by using the MILP solver CPLEX 12.6 [29] .
B. COMPARISION METHOD
To show the effectiveness of the proposed strategy, the simulation results with and without the proposed method are compared in different operation modes. Without the proposed method, the set-points of WTGs are determined by equally dividing power, as shown in Figure 9 , equations (19) and (20) .
P n,t = P avail n,t − P reser
In the limited power operation mode, if the maximum output power is less than the limited power, all WTGs are set with MPPT mode. If the maximum output power is greater than the limited power, the required power for the WF system is set as the limited power. The amount of unused power (DP t ) is divided equally for the total number of active WTGs, as shown in (19) . In the reserve power operation mode, each WTG is simply set its reserve amount that equals the amount of reserve capacity required from TSO for the WF system, i.e. R t (%). Therefore, the total amount of reserve capacity in the WF system is also equal to R t (%), as shown in (20) . In the next section, the detailed results are presented, along with a comparison between the two methods to show the effectiveness of the proposed method.
C. OPERATION OF THE WF SYSTEM IN THE LIMITED POWER MODE
In the limited power operation mode, the output power of the WF system is shown in Figure 10 . It can be observed that the output power of the WF system depends on the limited power. If the total output power of the WF system is less than the limited power, then all WTGs are set at the maximum power point. Due to the loss in the WF system, the output power of the WF system is slightly reduced compared to the total output power from all WTGs. If the total output power of the WF system is greater than the limited power, the output power of the WF system is set to the sum of the limited power and the power loss in the WF system. The total power deviation of WTGs in the WF system is shown in Figure 11 for two cases, i.e. with and without the proposed method. It can be observed that the amount of power deviation can be significantly reduced by using the proposed method. The total amount of power deviation in the WF system during the operation time can be reduced from 123MW (without the proposed method) to 58MW (with the proposed method).
To show the effectiveness of the proposed strategy, the output power of some WTGs is shown in Figures 12(a) -(c) for WTGs 2, 11, and 13, respectively. It can be easily observed that by using the proposed method, the output power of WTGs is much smoother than in case of without the proposed method.
Finally, the set-points of all WTGs are summarized in Tables 2 and 3 with the proposed method and without the proposed method. Thereby, it can be seen that all the WTGs using the proposed method can significantly reduce the power deviation in two consecutive intervals.
D. OPERATION OF THE WF SYSTEM IN THE RESERVE POWER MODE
In the reserve power operation mode, the output power of the WF system is shown in Figure 13 . In each time interval, the reserve capacity is always maintained at 5%. Without the proposed method, each WTGs is set to reserve 5% of'the maximum output power, which could cause all WTGs to change their set-points in each time interval. By using the proposed method, the power deviation of WTGs for two consecutive intervals is minimized and the reserve power of the WF system is still kept at the 5% of the maximum output power. Similar to the limited power mode, we also compare the amount of power deviation in the WF system with and without the proposed method. The total amount of power deviation is significantly reduced as shown in Figure 14 during the operation time. In this case study with 5% for reserve power, the total amount of power deviation decreased from 181MW (without the proposed method) to 148MW (with the proposed method). The total amount of power deviation depends on the requirement of power reserve capacity in the WF system. If the requirement for power reserve capacity increases, the use of the proposed method is more beneficial for reducing the amount of power deviation in the WF system. The output power of some WTGs (7, 10, 14) are shown in Figures 15(a) -(c) with and without the proposed method. It can be concluded that the power deviation of WTGs can be significantly reduced using the proposed method.
To show more clearly, the set-points of all WTGs are shown in Tables 4 and 5 with and without the proposed method, respectively.
E. OPERATION OF THE WF SYSTEM CONSIDERING EVENTS
In the operation of the WF system, various events can occur and in this study, we analyzed the effects of two popular events. The first event is the out of service of some WTGs, which leads to a change in the output power of the WF system. Depending on the operation mode at that time interval, EMS will reschedule and inform a new set-points for all WTGs. The second event is a change in the operation mode of the WF system. The required power for the WF system is changed and EMS also reschedule and find a new set-points for all WTGs.
We assume that WTGs 4 and 5 are out of service at t3, as shown in Figure 16 and the WF system is operated in the limited power mode. The output power of WTGs 4 and 5 are reduced to 0. Therefore, the maximum output power from the WF system is also reduced. EMS reschedules without the WTGs 4 and 5. Whenever the maximum output power of the WF system is less than the limited power, the WF system is changed to the MPPT mode. It means the set-point of all WTGs is set to the maximum power point. EMS reschedule for all WTGs from time interval t3 to t10. The output power of the WF system is shown in Figure 17 .
Similarly, if the WF system changes the operation mode, EMS also reschedules for all WTGs from the event time to the end of the time window. We assume that the WF system switches from the limited power mode to the reserve power mode at t6. The output power of the WF system after rescheduling is shown in Figure 18 . Finally, it can be concluded that by using the proposed method, the WF system can optimally operate considering several events, e.g. the out of service of some WTGs and change in the operation mode. 
IV. CONCLUSION
This paper has proposed a strategy for the operation of the WF system to minimize the power deviation of WTGs during operation time. By using the proposed strategy, the deviation in set-points of WTGs is reduced during the operation time. Therefore, the output power of WTGs is smoother and avoids unnecessary fluctuations. Furthermore, the proposed operat-ion strategy is capable of handling several events in the WF system. The detailed analysis considering these events have also been presented. Several grid-code constraints have also been considered for the operation of the WF system. This VOLUME 7, 2019 ensures the WF system always works in compliance with the constraints from TSO. Finally, in order to show the effectiveness of the proposed method, the simulation results with and without the proposed method have been compared.
